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Tie2/Angiopoietin-1 Signaling Regulates
Hematopoietic Stem Cell Quiescence
in the Bone Marrow Niche
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Fumio Arai,1,4 Atsushi Hirao,1,4 Masako Ohmura,1
Hidetaka Sato,2 Sahoko Matsuoka,1
Keiyo Takubo,1 Keisuke Ito,1 Gou Young Koh,3
and Toshio Suda1,*
1Department of Cell Differentiation
a definitive regulatory component of the HSC niche inThe Sakaguchi Laboratory of Developmental
adult BM (Calvi et al., 2003; Zhang et al., 2003). BothBiology
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number of OB population in the trabecular region of theKeio University
bone. Increasing the number of OBs causes parallel35 Shinano-machi
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that a specific niche is functionally enhanced. AlthoughLtd. 3-6-6 Asahi-machi
cell adhesion between HSCs and OBs contributes toMachida
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Tie2 is a receptor tyrosine kinase expressed on endo-of Biological Sciences
thelial cells (ECs) and HSCs (Dumont et al., 1992; IwamaKorea Advanced Institute of Science and
et al., 1993; Sato et al., 1993). Hsu et al. (2000) reportedTechnology (KAIST)
that LTR-HSCs were detected in Tie2 expressing HSCs373-1, Guseong-dong
but not in Tie2 HSCs in fetal liver (FL). A resent study ofDaejeon, 305-701
chimeric animals composed of both normal embryonicRepublic of Korea
cells and cells lacking both Tie1 and Tie2 showed that
these receptors are not required for fetal hematopoiesis,
including the emergence of definitive HSCs, or for theirSummary
relocation to and differentiation in the FL. Although Tie
receptor-deficient cells retain the capacity to home toThe quiescent state is thought to be an indispensable
the BM from the FL during ontogeny, they fail to beproperty for the maintenance of hematopoietic stem
maintained in the adult BM microenvironment (Puri andcells (HSCs). Interaction of HSCs with their particular
Bernstein, 2003). Tie1-deficient cells expressing normalmicroenvironments, known as the stem cell niches, is
levels of Tie2 contribute to hematopoiesis (Partanen etcritical for adult hematopoiesis in the bone marrow
al., 1996; Rodewald and Sato, 1996), suggesting that(BM). Here, we demonstrate that HSCs expressing the
Tie1 alone is either not required or plays a role redundantreceptor tyrosine kinase Tie2 are quiescent and anti-
to that of Tie2 in the formation and differentiation ofapoptotic, and comprise a side-population (SP) of
HSCs. Thus, a reduced contribution of Tie receptor-HSCs, which adhere to osteoblasts (OBs) in the BM
deficient cells to adult BM hematopoiesis may be attrib-niche. The interaction of Tie2 with its ligand Angiopoie-
uted to the loss of Tie2 in HSCs. It was reported thattin-1 (Ang-1) induced cobblestone formation of HSCs
Ang-1 promotes adhesion of Tie2 HSCs to fibronectin
in vitro and maintained in vivo long-term repopulating
(FN) and collagen (COL) (Sato et al., 1998; Takakura et
activity of HSCs. Furthermore, Ang-1 enhanced the al., 1998) and also promotes the interaction of ECs with
ability of HSCs to become quiescent and induced ad- surrounding mesenchymal cells and the extracellular
hesion to bone, resulting in protection of the HSC com- matrix (ECM) (Davis et al., 1996; Suri et al., 1996). We
partment from myelosuppressive stress. These data previously reported that OBs express Ang-1 and main-
suggest that the Tie2/Ang-1 signaling pathway plays a tained HSCs in vitro (Arai et al., 2002). Although it is
critical role in the maintenance of HSCs in a quiescent presumed that the interaction between Tie2 and Ang-1
state in the BM niche. contributes HSCs behavior in the BM microenvironment
and is critical for maintenance of HSCs, the precise role
Introduction of Tie2/Ang-1 signaling in adult hematopoiesis, particu-
larly in the interaction of HSCs and the “stem cell niche”
The regulation of self-renewal and differentiation of stem is not clear.
cells requires a specific microenvironment of sur- The quiescence of stem cells is of critical biologic
rounding cells known as the stem cell niche. The con- importance in protecting the stem cell compartment
cept of the stem cell niche was first proposed for the (Cheng et al., 2000). When stem cells enter the cell cycle
human hematopoietic system in the 1970s (Schofield, and proliferate, this activity results in differentiation to
replace damaged and senescent cells. Indeed, stem
cells for epidermis and hair in skin were identified in*Correspondence: sudato@sc.itc.keio.ac.jp
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labeling experiment that detected slow-cycling cells Tie2 HSCs Localize to the Bone Surface
of Bone Marrow(Taylor et al., 2000). Zhang et al. (2003) also demon-
strated that LTR-HSCs, which adhered to OBs, are able Zhang et al. (2003) and Calvi et al. (2003) also demon-
strated that a subpopulation of OBs was an importantto retain BrdU for a relatively long period. In addition,
adult stem cells are known to be resistant to various component of the stem cell niche, indicating that bone
surface is the stem cell niche of adult HSCs. Therefore,stresses. Protection of stem cells from physiological
stress is required for an organism’s survival, suggesting we asked whether Tie2 HSCs specifically localized to
the endosteal surface of adult BM. In control BM, Tie2that common basic mechanisms contribute to regula-
tion of the cell cycle and cell death in stem cells in was detected mainly in ECs (Figure 2A, a; arrows) and
in hematopoietic clusters on the bone surface (Figuretheir niche.
In this study, we demonstrate that the Tie2/Ang-1 2A, a and b; white arrowheads). Some CD45Tie2 cells
adhered to Tie2 ECs (Figure 2A, a). Two days after 5-FUsignaling pathway contributes to quiescence of HSCs
in their stem cell niche, resulting in the maintenance of treatment, Tie2 ECs and Tie2 hematopoietic cells in
the vascular-enriched area had disappeared and Tie2self-renewal ability and protection from stresses. Our
data implicate Tie2/Ang-1 signaling in regulation of stem cells were detected only on the bone surface (Figure
2A, c and d; open arrowheads). In addition, some Tie2cell-specific properties or “stemness” in HSCs.
cells displayed a flattened morphology and appeared
to adhere tightly to bone. Furthermore, 5-FU resistantResults
Tie2 cells coexpressed c-Kit and adhered to OBs on
the bone surface (Figure 2A, e–g). FACS analysis showedTie2 Cells Are Quiescent HSCs in Adult BM
that the most of Tie2 cells were c-KitSca-1 andAs a first step to determining the role of Tie2/Ang-1
Tie2c-Kit cells were LinSca-1 (Figure 2B). Next wesignaling specifically in adult hematopoiesis, we exam-
confirmed the expression of Tie2 in quiescent cells usingined Tie2 expression in side-population (SP) cells in
a BrdU long-term retaining assay. After two days of 5-FUadult BM using myelosuppressive model. As shown in
treatment, BrdU long-term retaining cells located onFigure 1A, c-KitSca-1Lin (KSL) cells were subdivided
bone surface coexpressed Tie2 (Figure 2A, h–j), andinto two populations: Tie2KSL cells and Tie2 KSL. SP
localization of Tie2BrdU cells was restricted to thecells were specifically enriched in Tie2KSL cells (Figure
bone surface. Altogether, these data suggest that 5-FU1A, b). In addition, under the myelosuppressive condi-
resistant Tie2 cells represent HSCs in adult BM niche.tion using 5-FU, Tie2 cells remained in the KSL cells
To further confirm that quiescent HSCs adhere to the(85.1  4.3% in KSL) two days after 5-FU treatment,
bone surface, we compared the proportion of SP cellswhereas Tie2 KSL cells showed susceptibility to 5-FU
and Tie2 cells in the KSL fraction obtained by twotreatment (Figure 1A, d). Moreover, 80.9 6.3% of 5-FU
different methods (Figure 2C): conventional BM flush-resistant Tie2 KSL cells fell into the SP fraction (Figure
out technique and collagenase treatment following1A, e). Furthermore, two days after 5-FU injection, KSL-
flush-out to collect cells that tightly adhere to bone andMP cells disappeared and the majority of cells in the
thus remain in BM after flushing-out alone. It was pre-KSL fraction were SP cells (Supplemental Figure 1 avail-
viously reported that more HSCs could be recovered byable at http://www.cell.com/cgi/content/full/118/2/149/
collagenase treatment of bone than by flushing aloneDC1). This observation was not due to an increase in
(Funk et al., 1994). KSL-SP cells and Tie2KSL cellsthe number of HSCs in the SP fraction, and the absolute
were enriched in cells from collagenase-treated bone.numbers of Tie2KSL cells in BM before and after two
These findings suggest that a significant proportion ofdays of 5-FU treatment were comparable (data not
KSL-SP cells and Tie2 KSL cells associate tightly toshown). Since 5-FU treatment induces apoptosis in ac-
the bone surface.tively cycling cells, we reasoned that SP cells, corre-
sponding to Tie2 HSCs cells, were in a noncycling,
quiescent state. To confirm this, KSL cells were sorted Characterization of OBs in the BM Niche
Since Tie2 HSCs were resistant to myelosuppressionand stained with both Hoechst 33342 and Pyronin Y
(PY). As shown in Figure 1B, 92.4  6.7% of KSL-SP and the localization of Tie2 HSCs was restricted to the
bone surface, we assumed that Tie2/Ang-1 signalingcells were PY, suggesting KSL-SP cells were in the
G0 phase of the cell cycle. In addition, a proportional was required for establishment of the BM niche. To test
this hypothesis, we first investigated the localization ofincrease in G0 cells in KSL fraction was observed during
mouse development, correlating closely with the relative Ang-1 producing cells in BM. As shown in Figure 3A,
Ang-1 cells were detected on the bone surface andincrease in SP cells in the KSL cells (Supplemental Fig-
ure 2 available on Cell website). We also analyzed the coexpressed osteocalcin, a marker of OBs (Figure 3A,
a and b). Such an expression pattern suggests thatSP phenotype of KSL cells in peripheral blood and
spleen after G-CSF administration. KSL cells mobilized Ang-1 was mainly produced by OBs. We also confirmed
that Tie2 cells adjacently localized to OBs on the boneby G-CSF were cycling HSCs and were not in SP (Sup-
plemental Figure 3 available on Cell website). These data surface (Figure 3A, c and d) and that BrdU long-term
retaining cells adhere to Ang-1 OBs (Figure 3A, e andsuggest that 5-FU resistant Tie2 HSCs are quiescent,
and that the SP phenotype is a marker for quiescent f). Western blot analysis confirmed that expression level
of Ang-1 in OBs was quite higher than that in immatureHSCs in adult BM. In addition, we compared LTR activity
of Tie2KSL with that of Tie2KSL cells. Tie2KSL cells hematopoietic cells (Figure 3A, g). These data suggest
that interaction of Tie2 with Ang-1 occurred only at theshowed higher LTR activity than Tie2KSL cells (Supple-
mental Figure 4 available on Cell website). site of a BM niche.
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Figure 1. Quiescence and Antiapoptotic Properties of Tie2 HSCs
(A) Analysis of the SP cells in Tie2 and Tie2 HSCs before (a-c) and after two days of 5-FU treatment (d and e). Sca-1Lin cells were gated
and were analyzed for expression of c-Kit and Tie2 (a and d). The proportion of SP cells in Tie2 (b and e) and Tie2 (c) cells in KSL was
examined. SP cells were enriched in the Tie2 KSL fraction (b). Tie2KSL cells survived from 5-FU treatment (d), and these cells were identical
to SP cells (e).
(B) KSL cells derived from 8-week-old mice were subdivided into SP and MP cells, and the incorporation of PY was analyzed (a). The data
shown represents the mean  SD (*p  0.01). Hoechst and PY staining emission pattern of KSL-MP and KSL-SP cells were shown in (b) and
(c), respectively.
Next we analyzed the effects of Ang-1 derived from Tie2/Ang-1 Signaling Enhances Adhesion
and Maintains the Immature PhenotypesOBs on cobblestone formation and HSC adhesion.
Tie2KSL-SP cells were cocultured with BM-derived of HSCs In Vitro
Since Tie2 HSCs localized to the bone surface andOBs and examined cobblestone formation. As shown
in Figure 3B, Tie2KSL-SP cells formed a cobblestone adhered to OBs, we hypothesized that Tie2 is critical
for maintenance of an immature HSC phenotype via cellarea underneath the OBs (Figure 3B, a and c). To confirm
that this process is a consequence of the Tie2/Ang-1 adhesion to OBs and possibly to the ECM of the BM.
Therefore, we analyzed the effects of Tie2/Ang-1 signal-interaction between HSCs and OBs, we cultured cells
with Tie2-Fc and observed significantly inhibited cob- ing on cell adhesion using coculture system with OP9
stromal cells. As shown in Figure 4A, exogenous Ang-1blestone formation (Figure 3B, b and c). Together with
these observations, our data suggest that Ang-1 is a enhanced cobblestone formation by Tie2KSL-SP cells
compared to controls. In addition, this cobblestone for-component of the stem-cell niche for HSCs in adult BM,
and that most Tie2 HSCs reside in this niche. mation was inhibited by addition of Tie2-Fc or anti-1-
integrin mAb (Figure 4A, c). Ang-1-treated Tie2KSL-SPNext, we analyzed the expression of the other cell
adhesion molecules. A previous paper reported that cells acquired a flattened morphology (Figure 4A, d).
These morphological changes in HSCs induced byboth quiescent HSCs and some of OBs express
N-cadherin (Zhang et al., 2003). Therefore, we examined Ang-1 in vitro correspond closely to those observed in
bone adherent Tie2 cells of 5-FU treated BM (Figureexpression of N-, E-, VE-, M-, P-, R-, and OB-cadherin
in HSCs and OBs. As shown in Figure 3C, Tie2KSL cells 2A). Next, we analyzed gene expression of Tie2KSL-
SP cells cultured with or without Ang-1 (Figure 4B). Theexpressed N- and VE-cadherin, whereas OBs expressed
N-, P-, and OB-cadherin. These data confirmed that expression of CXCR4, LFA-1, 4-integrin, VEGFR1, and
VEGFR2 in SP cells was extremely low. These moleculesTie2KSL cells were identical to the quiescent HSCs
reported by Zhang et al. (2003). have been shown to be involved in mobilization of HSCs
Cell
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Figure 2. Tie2 HSCs Were Stem Cells in the BM Niche
(A) Immunohistochemical staining of adult BM. (a) and (b) are untreated BM. (c–j) are BM section after two days of 5-FU treatment. Coexpression
of Tie2 and CD45 (a–d). (b) and (d) are higher magnifications of enclosed boxes in (a) and (c), respectively. CD45Tie2 cells survived, adhering
to the bone surface (open arrowheads). Scale bar is equal to 25 m. The expression of c-Kit (e) and Tie2 (f). (g) represents the merged image
of (e) and (f). Tie2 cells adhered to bone surface were coexpress c-Kit (arrowheads), and adhered to the OBs (arrows). Scale bar is equal to
12.5 m. Costaining of BrdU long-term retaining cells with Tie2. (h) Tie2 and TOTO3, (i) Tie2 and BrdU, (j) Merged image. BrdU long-term
retaining cells coexpressed Tie2 (white arrowheads). Scale bar is equal to 3.0 m. The dotted lines indicate the margin of the bone surface.
(B) FACS analysis of BMMNCs after two days of 5-FU treatment. (a) Expression of c-Kit and Sca-1 in Tie2 fraction. (b) Expression of Lin and
Sca-1 in Tie2c-Kit cells.
(C) Comparison of the proportion of KSL-SP cells in 4-week-old mice and Tie2 KSL cells in 8-week-old mice between MNCs prepared by
flush out (a) and collagenase treatment of bone (b). Representative data is shown in series of experiments.
(Heissig et al., 2002; Hattori et al., 2002). Addition of Tie2 signaling. Next, we examined the effects of Ang-1
on the maintenance of the immature phenotype of hema-Ang-1 significantly inhibited expression of these mole-
cules, compared to controls. In contrast, Ang-1 led to topoietic progenitors through analysis of the cell surface
markers, Tie2 and c-Kit. As shown in Figure 4D, thean upregulation of 1-integrin, suggesting that expres-
sion of 1-integrin downstream of Tie2/Ang-1 signaling c-KitTie2 fraction, was maintained in the presence of
Ang-1. Moreover, the expression of c-Kit and Tie2 wasis critical for enhanced adhesion of HSCs. We also ex-
amined the effect of Ang-1 on maintenance of colony sustained by the addition of Ang-1 following the second
coculture period. These data indicate that a Tie2/Ang-1formation ability after long-term culture with stromal
cells. Although the number of CFU-Cs was decreased interaction enhances adhesion of HSC via 1-integrin
to stromal cells and maintains an immature phenotypein long-term culture, reduction of CFU-Cs derived from
cells cultured on OP9/Ang-1 was less marked than that of HSCs in vitro.
seen on OP9/vector (Figure 4C, a). In addition, the num-
bers of CFU-MIX derived from CD45 cells cultured for Ang-1 Maintains BM Repopulating Activity of Tie2
HSCs by Prevention of Cell Division2 or 4 weeks with OP9/Ang-1 were 12.9 3.8 and 13.3
2.9-fold higher than cells derived from the coculture To further investigation of the effects of Tie2/Ang-1 sig-
naling on HSCs, we examined whether in vivo repopulat-with OP9/vector, respectively (Figure 4C, b). Exogenous
Ang-1 also supported CFU-MIX in a dose-dependent ing activity is maintained in response to Ang-1 signaling
(Figure 5A). Tie2KSL-SP cells (5102 cells) were platedmanner (Figure 4C, c). Moreover, the addition of Tie2-
Fc significantly reduced CFU-MIX formation (Figure 4C, on FN-coated plate and cultured in serum-free medium
as described in experimental procedures. After sevend), indicating that the effect of OP9/Ang-1 depended on
Regulation of Hematopoietic Stem Cell Quiescence
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Figure 3. Tie2/Ang-1 Interaction Is Occurred at the Site of the BM Niche
(A) The expression of Ang-1 and osteocalcin in BM (a and b). Ang-1 expression was detected in osteocalcin-positive OBs. (b) Higher power
view of enclosed boxes in (a). Tie2 cells (arrowheads) adhered to the osteocalcin OBs (arrows) in control BM (c) and 5-FU treated BM (d).
Costaining of BrdU long-term retaining cells with Ang-1 (e). (f) BrdU and TOTO3. BrdU long-term retaining cells (arrowheads) were adhered
to the Ang-1 cells. Scale bars are equal to 5 m (a–d), and 3 m (e and f). The dotted lines indicate the margin of the bone surface. (g) The
expression of Ang-1 protein among Lin and Lin hematopoietic cells and OBs.
(B) OBs support cobblestone formation. (a) Appearance of coculture of Tie2KSL-SP cells and OBs. (b) Cocultivation with Tie2-Fc. Scale bars,
100 m. (c) Numbers of CAFCs from 50 Tie2KSL-SP cells. Cobblestone formation was inhibited by addition of Tie2-Fc. The data shown
represent the mean  SD (*p  0.01).
(C) Expression of cadherins in fractionated hematopoietic cells and OBs. cDNA from E14.5 whole embryos (WE) was used as a positive control
for the PCR reaction.
days of culture, cells were corrected and transplanted tained self-renewal activity of Tie2KSL-SP cells by pre-
vention of cell division.into five lethally irradiated mice. It was estimated that
there were 1  102 Tie2KSL-SP cells per recipient
mouse at input level. In the mice transplanted with the Tie2/Ang-1 Signaling Regulates Quiescence
of HSCs In Vivocells cultured with SCF and TPO, the percentages of
donor cells were decreased with the passing of months. Since Tie2 HSCs were quiescent in the stem-cell niche,
we predicted that Tie2/Ang-1 signaling is involved in theIn contrast, in the mice transplanted with cells cultured
with SCF, TPO, and Ang-1, the percentages of donor induction or maintenance of quiescence of HSCs. To
address this question, we evaluated the effect of exoge-cells were increased. After three months of transplanta-
tion, percentages of donor cells derived from culture nous Ang-1 on HSC quiescence by transplanting BM
cells infected with Ang-1 expressing retrovirus to irradi-with or without Ang-1 were 14.0 1.8% and 0.7 0.6%,
respectively (Figure 5A, d). Ema et al. (2000) reported ated recipients. Initial transduction percentages of con-
trol and Ang-1 expressing retrovirus were 48.3  9.7%that HSCs lose their self-renewal activity after repeated
cell divisions under the in vitro culture. Therefore, we and 34.8  5.6%, respectively. Four months following
BM transplantation (BMT) of Ang-1 or control-GFPanalyzed the effects of Ang-1 on the cell division of
HSCs. As Figure 5B illustrates, cells cultured with SCF transfected BMMNCs, the cell cycle status of HSCs in
recipient mice was examined. In control mice, 40.4 and TPO lose fluorescence of PKH26 in c-Kit fraction.
Conversely, cells cultured with SCF, TPO, and Ang-1, 2.4% of KSL cells were in the G0 phase (PY) of the cell
cycle (Figure 6A), which is similar to what was observedc-Kit cells retained high fluorescent intensity of PKH26.
It suggests that Ang-1 prevented cell division of HSCs. in nontransplanted mice (Supplemental Figure 2 avail-
able on Cell website). In mice overexpressing Ang-1 inThese data suggest that Tie2/Ang-1 signaling main-
Cell
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Figure 4. Effects of Tie2/Ang-1 on Maintenance of HSCs
(A) Appearances of the Tie2KSL-SP cells in cocultivation with OP9 stromal cells. A large cobblestone area was seen in the presence of
Ang-1 (a) compared with the control (b). Numbers of CAFCs are indicated in (c). The data shown represent the mean  SD (*p  0.01).
Appearances of the GFP Tie2 KSL-SP cells in cultivation on OP9/Ang-1 (d and f) and OP9/vector (e and g) without cytokines. On feeder
layers of OP9/Ang-1, GFP cells tightly adhered to stromal cells and transmigrated under the feeder layer (enclosed box in d). (f and g) are
bright field images of (d and e), respectively. Scale bars are equal to 100 m.
(B) Tie2KSL-SP cells were cultured for six days in the presence of SCF and IL-6 with or without rh-Ang-1. After cultivation, the expression
of adhesion and mobilization-related molecules was analyzed by RT-PCR.
(C) Relative numbers of CFU-C after long-term culture (a). The number of CFU-C from freshly isolated BMMNCs was set at 1.0 (a). Number
of CFU-MIX (b). Exogenously added Ang-1 also maintained mix colony formation (c), and the effect of OP9/Ang-1 and rh-Ang-1 were blocked
by addition of Tie2-Fc (d). The number of colonies from cells derived from cocultivation with OP9/vector was set at 1.0 (b–d). The data shown
represent the mean  SD (*p  0.01, **p  0.05).
(D) Expression of c-Kit and Tie2 in CD45 cells after cocultivation of Tie2 or  KSL-SP cells and OP9 stromal cells (first coculture). c-KitTie2
cells (b: enclosed box) were sorted and cocultured with OP9 again (2nd coculture). The data shown represent the mean  SD.
BM, the percentage of G0 cells was markedly increased tive form could affect the quiescent state of HSCs.
BMMNCs from B6-Ly5.1 mice were infected with a con-at 67.1  0.1% (Figure 6A). Subsequently, we examined
the effect of Ang-1 on the SP phenotype of KSL. In trol retrovirus expressing GFP, wt-Tie2, or KD-Tie2 with
GFP, and then transplanted into lethally irradiated B6-control mice, the percentages of SP and MP cells in
the KSL fraction were 15.4  3.4% and 48.3  8.6%, Ly5.2 mice. Initial transduction percentages of each ret-
rovirus before transplantation were 46.8  10.5% (con-respectively (Figure 6B, a). Interestingly, exogenous
Ang-1 dramatically increased SP cells in the KSL popu- trol), 41.7  7.9% (wt-Tie2), and 39.4  1.1% (KD-Tie2).
After four months of BMT, the recipient mice were exam-lation (Figure 6B, b), and the ratio of SP/MP in KSL was
significantly increased compared with control (Figure ined to determine GFP expression in KSL-SP and -MP
cells. As shown in Figure 6D, the control cells expressing6C). Moreover, an increase in the number of cells in the
tip of SP was observed (Figure 6B, b). SP cells reconsti- only GFP were observed in SP and MP fractions at a
similar frequency, indicating that GFP expression didtuted after BMT with retrovirus-infected cells were con-
firmed to be in G0 phase by PY staining. These results not affect the SP phenotype. In mice transplanted with
wt-Tie2 expressing cells, the percentage of GFP cellssuggested that the increases in SP cells observed in
the presence of exogenous Ang-1 was the result of in- appeared to increase in SP rather than MP in the KSL
fraction; however, the increase was not statistically sig-creased numbers of quiescent HSCs.
Next, we tested whether the overexpression of wild- nificant. In contrast, fewer GFP cells were observed in
SP than in MP in cells containing KD-Tie2. The ratios oftype (wt)- or kinase dead (KD)-Tie2 as a dominant-nega-
Regulation of Hematopoietic Stem Cell Quiescence
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Figure 5. Tie2/Ang-1 Signaling Maintained Reconstitution Ability of Tie2KSL-SP Cells
Ly5.1 Tie2KSL-SP cells were cultured in SF-O3 medium in the presence of 1% BSA, SCF, and TPO with () or without () Ang-1. After seven
days of cultivation, cells were transplanted into lethally irradiated Ly5.2 mice.
(A) Percentages of donor-derived cells (% of Ly5.1 cells) in each recipient mouse after one (a), two (b), and three (c) months of BMT. The
changes of average percent of donor cells were indicated in (d). The data shown represent the mean  SD.
(B) Analysis of fluorescently labeled HSCs in vitro. KSL-SP cells were stained with the fluorescent dye PKH26. c-Kit cells from culture with
SCF, TPO, and Ang-1 retained fluorescence intensity of the PKH26 rather than cells cultured with SCF and TPO.
GFP in KSL-SP to GFP in KSL-MP in control-GFP, Tie2/Ang-1 plays a critical role in protecting HSCs from
myelosuppressive stress, resulting in prolonged sur-wt-Tie2, and KD-Tie2 were 0.93  0.02, 1.29  0.29,
and 0.27  0.07, respectively (Figure 6E). These data vival.
clearly demonstrate that Tie2 is essential for the SP
phenotype in vivo, and that Tie2/Ang-1 signaling pro- Discussion
motes HSCs to acquire the property of quiescence.
Our data clearly demonstrate that quiescent Tie2 HSCs
specifically localized in the BM niche and adhere toTie2/Ang-1 Signaling Protects HSCs from
Myelosuppressive Stress in the BM Niche the bone-lining OBs. Tie2 HSCs in adult BM meet the
following criteria for being a tissue stem cell: quies-Since Tie2 HSCs were not vulnerable to myelosuppres-
sive stress and Tie2/Ang-1 signaling regulated quies- cence, antiapoptosis, and an SP phenotype. Although
the niche for HSCs in BM has been recently identified,cence of HSCs, we hypothesized that Tie2/Ang-1 signal-
ing functions to protect the HSC compartment in adult the molecular mechanisms have remained unclear. In
this study, we present a novel mechanism for regulationBM from physiological stresses. To test this hypothesis,
we intravenously injected Ad-Ang-1 or rh-Ang-1 into of the quality of stem cell that is regulated by the micro-
environment. In this model, Ang-1 produced by OBsmice and then Ad-Ang-1 mice got 5-FU and the rh-Ang-1
mice got X-ray. A rapid greater than 2-fold increase in activates Tie2 on the HSCs and promote tight adhesion
of HSCs to the niche, resulting in quiescence and en-the SP population was observed on day 3 (Ad-Ang-1)
and on day 1 (rh-Ang-1) postinjection, followed by a hanced survival of HSCs.
return to baseline (Figure 7A). While control mice given
a lethal dose of 5-FU or radiation died by 15.5 days Localization of Quiescent HSCs and Their
Niche in Adult BMposttreatment, those that received Ang-1 three days
prior to 5-FU or one day prior to X-ray treatment dis- In order to identify HSCs and stem cell niche, it was
necessary to identify individual stem cells and to defineplayed prolonged survival (Figure 7B). Surprisingly,
36.7% of Ang-1-treated mice (n	 30) survived following the site in which they exist. Using the myelosuppressive
model of 5-FU treatment, we found that the Tie2 HSCsa lethal dose of 5-FU. To further investigate the survival
advantage conferred by Ang-1, histological examination are quiescent and have antiapoptotic properties. Inter-
estingly, Tie2 cells were shown to be equivalent to SPof the BM was performed (Figure 7C). Two days after
5-FU treatment, an increase in the number of cells ad- cells in adult BM HSCs by FACS analysis, and they
adhered to Ang-1 expressing OBs at the surface of tra-herent to the bone surface was observed in Ad-Ang-1
injected mice (Figure 7C, b). In addition, recovery of becular bone. Moreover, BrdU long-term retaining Tie2
cells were localized on the bone surface. Our observa-hematopoiesis following 5-FU treatment was observed
in Ang-1 mice, as opposed to controls (Figure 7C, d). tions are also consistent with previous findings that
HSCs were localized on the bone surface (Nilsson et al.,Taken together, these data clearly demonstrate that
Cell
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Figure 6. In Vivo Effects of Tie2/Ang-1 Signaling on Quiescence and the SP Phenotype of HSCs
5-FU treated B6-Ly5.1 mice BMMNCs were infected with control, Ang-1, wt-Tie2, and KD-Tie2-IRES-GFP retrovirus and were transplanted
into lethally irradiated B6-Ly5.2 mice. Four months posttransplant, donor-derived KSL cells were analyzed for PY incorporation and the
SP phenotype.
(A) Percentages of PY cells in KSL cells.
(B) Percentages of KSL-SP and -MP in control GFP (a) and Ang-1-transfected cells (b).
(C) Ratios of SP to MP in KSL in each group. The data shown represent the mean  SD (*p  0.01).
(D) Competitive contribution of donor-derived gene transfected (GFP) and nontransfected (GFP) cells to KSL-SP and -MP.
(E) Ratios of GFP cells in KSL-SP to in KSL-MP in each group. The data shown represent the mean  SD (*p  0.01).
2001; Calvi et al., 2003; Zhang et al., 2003). Heissig et fraction six days after 5-FU treatment (Supplemental
Figure 1 available on Cell website) and that hematopoi-al. (2002) also reported that increased BM cellularity and
hematopoietic cell clusters were seen in close contact etic cell clusters formed adjacent to the bone surface
and shifted toward the vascular zone (data not shown),with the bone surface after six days of 5-FU treatment,
followed by a shift of cells toward the vascular zone. suggesting that cycling HSCs exit the niche and are
mobilized to peripheral blood. Furthermore, when weA key feature of stem cells in a niche is that they are
in a quiescent state. Indeed, it has been reported that transplanted sorted MP fractions in HSCs mobilized by
5-FU treatment into irradiated mice, SP cells derivedHSCs are relatively quiescent when compared to transi-
tionally amplifying progenitor cells. Cheshier et al. (1999) from mobilized KSL-MP cells were detected in the recip-
ients (data not shown). Taken together, our observationsdetermined that 75% of long-term self-renewing HSCs
(KSL Thy1low) were in G0 as evaluated by PY staining. support the notion that the niche is a microenvironment
only for quiescent HSCs and that activated HSCs exitSince in our study 92.4% of SP cells in KSL were in
G0 (Figure 1B), the SP may represent a quiescent HSC the niche. Hence, HSCs may transit between niche and
non-niche sites and/or between quiescence and activepopulation more accurately than HSCs characterized by
other means. Although previous study also showed that cell cycling in vivo. When this balance is disrupted, such
as occurs with p21 deficiency, HSCs cannot remain in99% of the KSL Thy1low divided on average every 57
days (Allsopp et al., 2001), it is unknown whether all of G0 and long-term repopulating ability is lost (Cheng
et al., 2000), indicating that the niche is essential forthe HSCs cycle or only a small proportion of cells re-
mains in G0 in vivo. Moreover, various forms of stresses maintenance of a long-term hematopoietic system.
A stem cell niche includes three compartments: local-can induce cell cycle progression of HSCs in order to
expand the progenitor population and compensate for ized supporting cells (niche cells), the ECM, and stem
cells (Lin, 2002). Calvi et al. (2003) and Zhang et al. (2003)cell loss. It is also not clear whether HSCs divide within
the niche or move out of the niche during cell division. reported that an increase in number of OBs correlates
with an increase in the number of LTR-HSCs, suggestingWe observed that HSCs shift from the SP to the MP
Regulation of Hematopoietic Stem Cell Quiescence
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Figure 7. Tie2/Ang-1 Protects the HSC Compartment from Myelosuppressive Stress
(A) 8-week-old mice were injected i.v. with Ad-Ang-1 (black bar) or rh-Ang-1 (white bar). KSL-SP was analyzed at one, three, and seven days
postinjection. Percentages of KSL-SP in Ad-LacZ or BSA injected mice were set as 1.0 (dotted line). The data shown represent the mean 
SD (*p  0.01).
(B) Survival curves of 5-FU injected (a, n 	 30/each group) or X-ray irradiated (b, n 	 10/each group) mice. *0.01, **p  0.05.
(C) HE staining of BM sections of Ad-LacZ (a and c) and -Ang-1 (b and d) injected mice two (a and b) and six (c and d) days after 5-FU
treatment. On day 2 after 5-FU treatment, adhesion of hematopoietic cells was seen in Ad-Ang-1 injected mice BM (b, arrowheads). Scale
bars are equal to 100 m.
that OBs are key components of the stem cell niche hematopoietic system. As shown in Figure 3C, N-cadh-
erin is expressed by both Tie2 HSCs and OBs. Thisin vivo. In addition, we reported previously that mouse
MSCs and OBs contribute to maintenance of HSCs (Arai suggests that an adherens junction between HSCs and
OBs created via N-cadherin may contribute to HSCet al., 2002). Taichman and Emerson (1998) also reported
that OBs are a part of the hematopoietic microenviron- maintenance. In addition, we confirmed that Ang-1 treat-
ment upregulated the expression of N-cadherin inment after BM cavity formation. OBs also secrete several
matrix proteins, including FN and COL (Termine and Tie2KSL-SP cells, and that N-cadherin overexpressing
OP9 cells maintained LTC-IC more than control OP9Robey, 1996). Hackney et al. (2002) reported the gene
profile of stromal cells that support stem cells and deter- cells did (Supplemental Figure 5 available on Cell
website).mine that FN and COL are major components of the
ECM of the stem cell niche.
Germline stem cells (GCSs) in the adult Drosophila Roles of Tie2/Ang-1 in the Regulation of Quiescence,
Apoptosis, and Adhesion of HSCs in the Nicheovary are an excellent system in which to examine stem
cells and niches in vivo at cellular and molecular levels. Here, we demonstrated that Tie2/Ang-1 signaling regu-
lates features of HSCs in the BM niche, including quies-In this system, DE-cadherin-mediated cell-cell adhesion
is required for anchoring GSCs to cap cells that are cence, anticell death, and tight adhesion. Our findings
are as follows: (1) Tie2 is expressed on the quiescentthought to be the ovarian niche cell (Song et al., 2002).
In the hematopoietic system, Zhang et al. (2003) re- HSCs that adhered to OBs on the bone surface; (2) Ang-1
protein is mainly produced by OBs in adult BM; (3) Tie2/ported that N-cadherin as well as -catenin is asymmet-
rically localized between HSCs and OBs. These findings Ang-1 signaling promotes tight adhesion of HSCs to
OBs and maintains immature phenotypes in a Tie2-suggest that specific adherens junction molecules medi-
ate adhesion between HSCs and niche cells in the adult dependent manner in vitro; (4) Ang-1 maintains the
Cell
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in vivo repopulating ability of HSCs by prevention of cell keratinocytes to remain in the stem cell compartment
division; and (5) Ang-1 promotes quiescence of HSCs in vitro (Zhu et al., 1999). Downregulation of integrin
in vivo, resulting in protection of HSCs from various function and expression ensure selective migration of
stresses. These observations led us to a novel model committed cells from the basal epidermal layer (Adams
in which Ang-1 produced by OBs activates Tie2 on the and Watt, 1990; Hotchin et al., 1995). Arboleda et al.
HSCs and promote tight adhesion of HSCs to the niche, (2003) reported that overexpression of Akt2 induces
resulting in quiescence and enhanced survival of HSCs. upregulation of 1-integrin, which may be a key mole-
It is surprising that HSCs were not drastically mislocal- cule downstream of Tie2/Ang-1 in HSCs. Since integrins
ized when Ang-1 is overexpressed in vivo. It is assumed trigger signaling promoting cell survival, cell adhesion
that the localization of Tie2 HSCs on bone surface is enhanced by Tie2/Ang-1 signaling may protect HSCs
regulated by stem cell specific adhesion molecules such from stress in combination with PI3-kinase/Akt sig-
as N-cadherin. Once the HSCs adjacently localize to naling.
OBs, Ang-1 produced by OBs may activate Tie2 on the Overexpression of Ang-1 in BM increased PY cells
HSCs and promote tight adhesion of HSCs in the niche, and SP cells in HSCs (Figures 6A–6C). Our data show
resulting in quiescence and enhanced survival of HSCs. that the SP phenotype in HSCs is indicative of a quies-
Therefore, overexpression of Ang-1 may enhance the cent state and that Tie2/Ang-1 signaling plays a key role
physiological role, even if Ang-1 is exogenously adminis- in acquisition of that quiescence state in HSCs. Finally,
trated. Puri and Bernstein (2003) reported that Tie2 is PI3-K/Akt signaling also regulates several cell cycle reg-
required for postnatal BM hematopoiesis but not for ulators. One of them is a CDK inhibitor, p21WAF. It has
embryonic hematopoiesis. These findings and our data been reported that Akt phosphorylates p21 resulting in
(Supplemental Figure 2 available on Cell website) sug- protein stabilization (Li et al., 2002), although it was
gest that the characteristics of HSCs change during unclear whether such p21 stabilization leads to cell-
developmental ontogeny and establishment of adult he- cycle progression or arrest. Thus, it is also possible that
matopoiesis. Although Tie2 expression was detected in Tie2/Ang-1 signaling regulates p21 protein via PI3-K/
embryonic HSCs, the Tie2 signaling may be used only Akt activation, resulting in quiescence of HSCs.
in quiescent HSCs of the adult BM. Analysis of chimeric Recently, a novel concept that cancer cells include
mice composed of Tie receptor-deficient donors and self-renewing “cancer stem cells” has been proposed
Rag2/ hosts, which do not produce mature lympho- (Reya et al., 2001). Cancer stem cells have the potential
cytes, show that Tie2/Tie1-deficient cells contribute to for self-renewal to drive tumorigenesis. It is known, for
lymphopoiesis in the absence of competing host cells. example, that leukemic cells often show resistance to
This result is consistent with our findings from the BMT anticancer drugs. Wulf et al. (2001) reported that SP
assay using KD-Tie2-transfected cells (Figures 6D and cells were identified in the BM of patients with acute
6E). KD-Tie2 acts as a dominant-negative form of Tie2, myeloid leukemia (AML). Transplanted SP cells derived
and that blocks the maintenance of quiescent HSCs, from AML patients could generate AML-like disease in
resulting in loss of SP phenotype. These findings nonobese diabetic-severe combined immunodeficient
strongly suggest that Tie2 is critical for maintenance mice. Our findings and these reports suggest that in the
and survival of HSCs in adult BM and that Tie2 deficient leukemic situation, a BM SP cell is the leukemic stem
or KD-Tie2 cells are unable to occupy the adult BM cell and these stem cells exist in the BM niche. This
niche when in competition with wild-type cells. property may explain the ability of leukemic cells to
The mechanism of Tie2/Ang-1 signaling has mainly escape antileukemic drugs. Therefore, regulation of
been analyzed in endothelial cells (ECs). Following passage of stem cells in and out of their niche could be
Ang-1 binding, phosphorylation of Tie2 results in activa- a potential strategy for treatment of leukemia.
tion of the phosphatidylinositol 3-kinase (PI3-K)/Akt sig-
naling pathway (Kim et al., 2000; Shiojima and Walsh, Experimental Procedures
2002), which is associated with increased EC survival.
The PI3-K/Akt-mediated signal downstream of Tie2/ Mice
C57BL/6 (B6-Ly5.2) mice were purchased from Japan SLC (Shizu-Ang-1 is conserved in other tissues besides ECs, such
oka, Japan). C57BL/6 mice congenic for the Ly5 locus (B6-Ly5.1)as neurons (Valable et al., 2003). Thus, the antiapoptotic
were purchased from Sankyo-Lab Service (Tsukuba, Japan). Animaleffect of Ang-1 in response to myelosuppressive stress
care in our laboratory was in accordance with the guidance of Keioin HSCs also depends on PI3-K/Akt signaling. Alterna-
University for animal and recombinant DNA experiments.
tively, enhanced cell survival under these condition may
be due to Ang-1 mediated adhesion of HSCs to ECM. Antibodies
In support of this possibility, addition of Ang-1 led to All antibodies used in this study are listed in Supplemental Data
morphological changes in HSC on stromal cells in vitro (available on Cell website).
(Figure 4A) and increased adherence of HSCs to the
Cell Lines and Isolation of Adult BM-Derived OBsbone surface in vivo (Figure 7C). Furthermore, Ang-1-
Maintenance of OP9 stromal cells and establishment of OP9/Ang-1induced cobblestone formation was inhibited by addi-
transfectant are described in Supplemental Data (available on Celltion of anti-1-integrin mAb (Figure 4A). 1-integrin ex-
website). Procedures for isolation and maintenance of BM derivedpression is essential for colonization of hematopoietic
OBs are also described in Supplemental Data (available on Cell
organs by HSCs during embryogenesis and postnatal website).
BM hematopoiesis (Potocnik et al., 2000). 1-integrin
dependent adhesion of KSL-SP cells to ECM may facili- Myelosuppressive Treatment
tate the migration of stem cells to the niche. In epidermal 8-week-old mice were injected with 5-FU (250 mg/kg body weight,
Sigma) intravenously (i.v.). On day 2 and 6 post 5-FU treatment,stem cells, high-levels of 1-integrins are required for
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BM mononuclear cells (BMMNCs) were isolated and used for flow cells were corrected and transplanted into lethally irradiated Ly5.2
mice. After one, two, and three months of BMT, peripheral bloodcytometric analysis. At the same time point, femurs were used for
histological or immunohistochemical analysis. For survival assays, was corrected and examined the percentages of donor-derived cells
by FACS.8-week-old mice were injected i.v. with 108 plaque forming units
(pfu) of adenovirus expressing Ang-1 (Ad-Ang-1) or 3 mg/kg body
weight recombinant human-Ang-1 (rh-Ang-1) into mice. One day Analysis of HSCs Division
following recombinant protein, mice were irradiated with X-ray (9 Sorted Tie2KSL-SP cells were stained with 4  106 M PKH26 (Zy-
Gy) or three days after Ad-Ang-1 injection, 5-FU (500 mg/kg body naxis cell Science, Inc.) for 2 min at room temperature. PKH26-
weight) was administered. For control mice, 108 pfu Ad-LacZ (Clon- stained cells were plated FN-coated plate and cultured in SF-O3
tech) or 3 mg/kg body weight BSA was injected at the same times. medium as described above. After three days of cultivation, cells
Survival was monitored daily after 5-FU administration or irradiation. were stained with anti-c-Kit mAb, and fluorescence intensity of
PKH26 in c-Kit cells was analyzed by FACS.
Cell Preparation and Flow Cytometry
The procedures for SP and immunofluorescent staining were pre- RT-PCR Analysis
viously described (Arai et al., 2002). Stained cells were analyzed Isolated RNA was reverse transcribed using an RT for PCR Kit (Clon-
and sorted by FACSvantage DiVa (Becton Dickinson). To analyze tech). cDNAs were amplified using an Advantage polymerase mix
the cell-cycle status by PY staining, cells were first stained with (Clontech) in a GeneAmp PCR system model 9700 (Perkin-Elmer
Hoechst 33342 at 37
C. After 45 min, 1 g/ml PY was added and Inc.) for 25 to 30 cycles. Primer sequences were shown in Supple-
cells were incubated at 37
C for 45 min. mental Data (available on Cell website).
Immunohistochemistry and Western Blot Retroviral Transduction and BM Repopulating Assay
For preparation of BM section, fresh bone were embedded in OCT Retroviral gene transductions of control-IRES-GFP, wt and KD-Tie2-
medium and frozen using 2-methylbutane (Sigma) and liquid nitro- IRES-GFP, and Ang-1 into BMMNCs were performed on a plate
gen. Frozen sections of undecalcified bone were obtained using coated with RetroNectin (Takara Bio Inc.). Construction of retroviral
cryostat (MICROME, model HM505) equipped with a tungsten car- vectors was described in Supplemental Data (available on Cell web-
bide knife. The procedure for immunohistochemistry of tissue sec- site). B6-Ly5.1 mice were treated with 5-FU two days prior to isola-
tions was as previously described (Ohbo et al., 2003). For nuclear tion of BMMNCs. Isolated BMMNCs were cultured for two days in
staining, specimens were treated with TOTO3 (Molecular Probes). 20% FCS/-MEM containing 105 M 2ME, 50 ng/ml IL-6, and 50 ng/
Fluorescence images were obtained using confocal laser scanning ml SCF. After two days of cultivation, cultured BMMNCs and virus
(Carl Zeiss LSM 510 system; Carl Zeiss). BrdU long-term retaining solution were added to a culture dish precoated with RetroNectin
assay was performed as described previously (Zhang et al., 2003). and incubated for two days. The virus solution was changed twice
Western blot analysis was performed as previously described daily during cultivation. The efficiency of gene transduction was
(Iwama et al., 1996). evaluated by GFP expression. After transduction, cells were col-
lected and transplanted into lethally irradiated B6-Ly5.2 mice.
Isolation of Bone-Associated Cells by Collagenase Treatment
For preparation of bone-associated cells, femurs and tibias were Acknowledgments
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